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Abstract. Recent models of wind turbulence and turbulence-force relation as well still 
contain uncertainties. Further studies on them are needed to gain the better knowledge 
to refine the existing problems from analytical computations to wind tunnel's physical 
simulations in the wind engineering. The continuous and discrete wavelet transforms 
have been applied as powerful transformation tools to represent time series into the time-
• frequency localization. This paper will apply the orthogonal-based wavelet decomposition 
to investigate the intermittency of the turbulence and to detect the turbulence-force 
correlation in the both temporal-spectral information using proposed cross energy of 
wavelet decompositions. Analyzing data have been obtained by physical measurements 
on model from the wind tunnel tests. 
1. INTRODUCTION 
Uncertainty exists in the recent models of wind turbulence and turbulent-induced 
forces to produce overestimation or underestimation of random aerodynamic response of 
structures. It is assumed that the induced forces are proportional to the instantaneous 
fluctuating velocities (turbulent components) and the attacked direction of turbulent flow 
as content of the quasi-steady theory. This theory is consistent, howeveP, only if t here are 
simultaneous correspondences between turbulence and turbulent-induced forces not in the 
frequency domain, but the time domain. So far, moreover, turbulence and induced forces 
has usually been studied based on the spectral transformation that is only valid for station-
ary time series. Wavelet Transforms (WT) have been recently developed as mathematical 
tools, based on a convolution operation between an original time series and an analyzing 
function , called wavelet or mother wavelet [4] . The WT advantages over the conventional 
spectral transformations such as Fourier Transform (FT) and Short-Time Fourier Trans-
form (STFT) in simultaneously time-frequency analysis with flexible resolutions . The WT 
becomes powerful analyzing tool for stationary, non-stationary, intermittent time series, 
especially, to find out hidden short events inside the time series. Because of its advan-
tages, the WT have been applied in the various fields such as digital signal processing, 
image coding and compressing [1 , 2], numerical analysis a:r:id digital simulation [8, 9, 10, 
12], system and flow identification [5] and so on, and they still are increasingly evolv-
ing. The first idea to use the WT for studying atmospheric turbulence proposed by [6] 
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t o  d e v e l o p  s o m e  t o o l s  s u c h  a s  l o c a l  i n t e r m i t t e n c y  a n d  e n e r g y  o f  w a v e l e t  d e c o m p o s i t i o n s ,  
w a v e l e t  p o w e r  s p e c t r u m .  C a m u s s i  a n d  G u j  [ 3 ]  c a r r i e d  o u t  t h e  w a v e l e t  d e c o m p o s i t i o n s  
w i t h  o r t h o g o n a l - b a s e d  w a v e l e t s  t o  p e r m i t  t h e  i d e n t i f i c a t i o n  o f  t h e  t i m e  i n f o r m a t i o n  o f  c o -
h e r e n t  s t r u c t u r e s  o f  a r t i f i c i a l  t u r b u l e n c e .  H a j j  [ 7 ]  a l s o  u s e d  t h e  o r t h o g o n a l - b a s e d  w a v e l e t s ,  
m o r e o v e r ,  t o  d e c o m p o s e  t h e  t i m e  s e r i e s  o f  t u r b u l e n c e  i n t o  d i f f e r e n t  s c a l e s  a n d  t o  i n v e s t i -
g a t e  a n  e x t e n t  o f  e n e r g y  i n t e r m i t t e n c y  o f  p r o m i n e n t  s c a l e s  w h i c h  c o n t a i n  m o s t  o f  e n e r g y .  
C o r r e l a t i o n  b e t w e e n  a t m o s p h e r i c  t u r b u l e n c e  a n d  t u r b u l e n t - i n d u c e d  p r e s s u r e  h a s  b e e n  d i s -
c u s s e d  i n  f r e q u e n c y  d o m a i n  b y  [ 1 1 ]  u s i n g  h i g h e r - o r d e r  F o u r i e r  t r a n s f o r m  t o o l s .  P r e v i o u s  
l i t e r a t u r e s  [ 7 ,  1 1 ]  c o m m e n t e d  n a t u r a l  e x i s t e n c e  o f  t h e  n o n - s t a t i o n a r y  c h a r a c t e r i s t i c s  o f  
t u r b u l e n c e  a n d  t h e  n o n l i n e a r  c r o s s - b i c o h e r e n c e  b e t w e e n  t u r b u l e n c e  a n d  i n d u c e d  p r e s s u r e .  
C r o s s  c o r r e l a t i o n  b e t w e e n  t u r b u l e n c e  a n d  i n d u c e d  p r e s s u r e  o r  f o r c e s  i n  t i m e - f r e q u e n c y  
p l a n e ,  a c c o r d i n g l y ,  u s i n g  t h e  W T  t o o l s  n e e d  t o  b e  s t u d i e d  a s  l o g i c a l  d e v e l o p m e n t .  
I n  t h i s  p a p e r ,  t h e  d i s c r e t e  w a v e l e t  t r a n s f o r m  u s i n g  o r t h o g o n a l - b a s e d  w a v e l e t s  w i l l  
b e  p r e s e n t e d  w i t h  i t s  a p p l i c a t i o n s  o n  t h e  t i m e - f r e q u e n c y  a n a l y s i s  o f  a r t i f i c i a l  t u r b u l e n c e ,  
e s p e c i a l l y ,  c o r r e l a t i o n  b e t w e e n  t u r b u l e n c e  a n d  t u r b u l e n t - i n d u c e d  f o r c e s .  F u r t h e r m o r e ,  
s o m e  c o n c e p t s  s u c h  a s  e n e r g y  o f  w a v e l e t  d e c o m p o s i t i o n ,  e n e r g y  o f  i n t e r m i t t e n c y ,  c r o s s  
e n e r g y  b e t w e e n  t w o  w a v e l e t  d e c o m p o s i t i o n s  a r e  g o i n g  t o  b e  c o n s i d e r e d .  A n a l y z i n g  d a t a  
o f  t u r b u l e n c e  a n d  t u r b u l e n t - i n d u c e d  f o r c e s  h a v e  b e e n  o b t a i n e d  b y  p h y s i c a l  m e a s u r e m e n t s  
f r o m  t h e  w i n d  t u n n e l  t e s t s .  
2 .  D I S C R E T E  W A V E L E T  T R A N S F O R M  A N D  M U L T I - R E S O L U T I O N  
A N A L Y S I S  
C o n t i n u o u s  w a v e l e t  t r a n s f o r m  ( C W T )  o f  a  g i v e n  t i m e  s e r i e s  J ( t )  i s  d e f i n e d  a s  a  c o n -
v o l u t i o n  o p e r a t i o n  b e t w e e n  t h e  t i m e  s e r i e s  f ( t )  a n d  a  w a v e l e t  f u n c t i o n  ' l / ;
7
, s ( t ) :  
0 0  
w j ( T ,  S )  =  ( ! ,  ' t / J T , s )  =  J  f ( t ) . ' t / J ; , s ( t ) d t ,  
( 2 . 1 )  
- o o  
w h e r e  w j ( s ,  T ) :  w a v e l e t  t r a n s f o r m  c o e f f i c i e n t  a t  t r a n s l a t i o n  T  a n d  s c a l e s  i n  t h e  t i m e - s c a l e  
p l a n e ;  t h e  b r a c k e t s  ( )  d e n o t e  t h e  c o n v o l u t i o n  o p e r a t i o n ;  t h e  a s t e r i s k  *  m e a n s  c o m p l e x  
c o n j u g a t e ;  ' l / ; T , s ( t ) :  w a v e l e t  f u n c t i o n  a t  t r a n s l a t i o n  T  a n d  s c a l e  s  o f  t h e  b a s i c  w a v e l e t  
f u n c t i o n  ' l f ; ( t ) ,  a l s o  k n o w n  a s  t h e  m o t h e r  w a v e l e t :  
1  ( t  - T )  
' t / J T , s ( t )  =  . ; s ' t / J  - S - '  
( 2 . 2 )  
I n  t h e  C W T ,  t h e  t i m e  s e r i e s  J ( t )  i s  s a m p l e d  c o n t i n u o u s l y  o n  a l l  o v e r  t i m e - s c a l e  p l a n e .  
T h u s ,  t h e  C W T  c r e a t e s  a  l o t  o f  r e d u n d a n t  i n f o r m a t i o n  a n d  t i m e  c o n s u m p t i o n .  T h e  t i m e  
a n d  t h e  s c a l e  p a r a m e t e r s  s h o u l d  b e  d i s c r e t i z e d  i n  a  m u t u a l  d e p e n d e n c e  a n d  w i t h  r e s p e c t  t o  
t h e  N y q u i s t ' s  s a m p l i n g  r u l e .  A  b i n a r y  l o g a r i t h m i c  d i s r e t i z a t i o n  ( d y a d i c  g r i d )  i s  c o m m o n l y  
u s e d  d u e  t o  o c t a v e  b y  o c t a v e  c o m p u t a t i o n a l  p r o c e d u r e :  
s  =  2 m ,  T  =  n 2 m ( m ,  n  =  1 ,  2 ,  3  . . .  ;  r e f e r  t o  s c a l e  l e v e l  a n d  l o c a t i o n  o f  w a v e l e t s ) .  ( 2 . 3 )  
T h u s ,  t h e  C W ' r  i s - c o m p u t e d  i n  t h i s  d y a d i c  g r i d  o f  t h e  t i m e - s c a l e  p l a n e .  F r o m  ( 2 . 2 ) ,  
( 2 . 3 )  w e  h a v e  t h e  w a v e l e t  f u n c t i o n  i n  t h e  d y a d i c  g r i d  s p a c e :  
' t / J m n ( t )  =  2 - T  . ' t / J ( 2 - m t  - n ) .  
( 2 . 4 )  
, . .  
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When the wavelets set an orthogonal basis, it means J 'fkt(t) .'fmn(t).dt =6km·t51n 
-oo 
( 6km, i51n: Kronecker deltas), any time series f (t)can be decomposed from the convolution 
operation (2 .1) due to following sums: 
00 00 00 00 
m=- oon=-oo m=- oon=-oo 
The CWT due to the above-mentioned discretized manner, however, is considered as 
wavelet frame transform (WFT) or wavelet series. The discrete wavelet transform (DWT) 
carries out so-called multi-resolution analysis for both decomposition (analysis) and re-
construction (synthesis) of the original time series. It is thought of the WFT coefficients 
'ltj ( m, n) as digital filters as which the original time series is passed through low-pass 
filters to decompose into low frequency components and passed through high-pass filters 
to analyze into high frequency components. Thus, the DWT uses twq functions: basic 
wavelet function 'fmn(t) (mother wavelet) and associated scaling function <l>mn(t) (father 
wavelet) in which the scaling function is used for low-pass filtering, the wavelet function 
for high-pass one. It is also required that such scaling functions <l>mn(t) are orthogonal 
themselves . The scaling functions can be also expressed as the same manner as the wavelet 
ones (2.4). 
The scaling and wavelet functions at lower resolution ¢m(t), 'fm (t) can be expressed 
by a weighted sum of shifted version of corresponding functions at higher resolution 
¢m(2t) , 'fm(2t) as follows: 
00 00 
</>m(t) = L g[n] .¢m(2t - n); 'fm (t) = L h[n].'fm(2t - n), (2.6) 
n=-oo n=-oo 
where g[n], h[n]: scaling wavelet coefficients and wavelet function ones, respectively. Ac-
cordingly, the relation between g[n] and h[n] can be obtained h[n] = (- lrg[l - n]. 
Using the wavelet and scaling functions, the DWT's wavelet decompositions of f(t) in 
(2.5) can be represented at certain level mo by two summations as follows: 
00 00 00 
J(t) = L (!, </>mon) </>mon(t) + L L (!, 'fmn)'fmn(t), (2 . 7a) 
n=-oo m=mo n=-oo 
00 00 00 
(2 . 7b) 
n=- oo m=mo n=-oo 
The first summation refers to the low resolution or coarse approximation of f(t) at the 
level mo that corresponds to the low-frequency band components, whereas the second one 
is sum of high-resolution details of f(t) , corresponds to the high-frequency band ones. The 
DWT's decompositions at level M can be expressed by the summation of approximation 
coefficient at final level M (AM) and sum of detail coefficients at lower level m:::; M(Dm): 
M 
J(t) =AM+ L Dm. (2.8) 
m=l 
Figure 1 shows DWT's three-level wavelet decompositions, also called as a filter-bank 
tree (here M =3). Haar's scaling and wavelet functions (known as Daubechies family 's 
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D B l  w a v e l e t )  h a v e  b e e n  u s e d  i n  t h i s  s t u d y  d u e  t o  i t s  c o m p a c t  s u p p o r t  a n d  l o c a l i z a t i o n  
( s e e  F i g .  2 ) .  
t l • • r  w e v e l e l  1 c a h n 1 1  l u n c t 1 o n  
0 8  
x[n ]  
',~~~~~~~~~ 
r i a a r  w a v e l e l  m o 1 1 1 1 r  l u n c 1 1 o n  
~- ! 
. : ,  L J  
_ ,  ~ 0  
F i g  1 .  S c h e m e  o f  t h r e e - l e v e l  d e c o m p o s i t i o n s  F i g .  2 .  H a a r  s c a l i n g  a n d  w a v e l e t  f u n c t i o n s  
3 .  E N E R G Y  O F  D E C O M P O S I T I O N ,  I N T E R M I T T E N C Y  F A C T O R  A N D  
I N T E R M I T T E N T  E N E R G Y ,  E N E R G Y  O F  C R O S S  C O R R E L A T I O N  
T h e  D W T ' s  c o e f f i c i e n t s  r e p r e s e n t  a m p l i t u d e  o f  w a v e l e t  d e c o m p o s i t i o n s  a s s o c i a t e d  w i t h  
t h e  t i m e - f r e q u e n c y  i n f o r m a t i o n  a t  c e r t a i n  s p e c t r a l  b a n d s .  E n e r g y  o f  w a v e l e t  d e c o m p o s i -
t i o n s ,  h o w e v e r ,  p l a y s  m o r e  s i g n i f i c a n t  r o l e  t h a n  t h e  a m p l i t u d e  t h e m s e l v e s ,  b e c a u s e  t h e  
e n e r g y  o f  w a v e l e t  d e c o m p o s i t i o n s  r e l a t e s  t o  t h e  e n e r g y  c o n t r i b u t i o n  o f  c o e f f i c i e n t s  o n  t o t a l  
e n e r g y  o f  o r i g i n a l  t i m e  s e r i e s .  E n e r g y  o f  w a v e l e t  d e c o m p o s i t i o n s  i s  d e f i n e d  a s  t h e  s a m e  
w a y  a s  t h a t  o f  d i s c r e t e  t i m e  s e r i e s  a s  t h e  s q u a r e  o f  a m p l i t u d e  o f  w a v e l e t  d e c o m p o s i t i o n s .  
I n t e r m i t t e n c y  f a c t o r  o f  w a v e l e t  d e c o m p o s i t i o n s ,  d e s c r i b e d  b y  t h e  m e a n s  o f  t i m e  f a c t o r  
o r  p e r c e n t a g e  i s  m e a s u r e d  a s  a  r a t i o  b e t w e e n  t o t a l  t i m e  f r a c t i o n  o f  h i g h e r  e n e r g y  s t a t e  o v e r  
e n e r g y  t h r e s h o l d  a n d  e n t i r e  t i m e  i n t e r v a l  o f  w a v e l e t  d e c o m p o s i t i o n s .  T h e  e n e r g y  t h r e s h o l d  
h a s  b e e n  d e f i n e d  a s  t w i c e  t h e  a v e r a g e  e n e r g y  o f  w a v e l e t  d e c o m p o s i t i o n s  [ 6 ,  7 ] .  I n t e r m i t t e n t  
e n e r g y ,  m o r e o v e r ,  i s  d e f i n e d  a s  p e r c e n t a g e  o f  e n e r g y  c o n t r i b u t i o n  o f  h i g h e r  e n e r g y  s t a t e  i n  
w a v e l e t  d e c o m p o s i t i o n s  o v e r  t h e i r  t o t a l  e n e r g y .  
C r o s s  c o r r e l a t i o n  b e t w e e n  t u r b u l e n t  c o m p o n e n t s  a n d  t u r b u l e n t - i n d u c e d  f o r c e s  h a s  b e e n  
d e t e c t e d  i n  t h e  t e m p o r a l - s p e c t r a l  s t r u c t u r e  u s i n g  p r o p o s e d  t e r m  o f  c r o s s  e n e r g y .  C r o s s  
e n e r g y  i s  d e f i n e d  a s  a  p r o d u c t  o p e r a t o r  b e t w e e n  e n e r g y  o f  w a v e l e t  d e c o m p o s i t i o n s  o f  
t u r b u l e n c e  a n d  c o r r e s p o n d i n g  e n e r g y  o f  w a v e l e t  d e c o m p o s i t i o n s  o f  t h e i r  i n d u c e d  f o r c e s  a t  
t h e  s a m e  d e c o m p o s i t i o n  l e v e l .  
4 .  E X P E R I M E N T A L  P R O C E D U R E  
T u r b u l e n c e  a n d  t u r b u l e n t - i n d u c e d  f o r c e s  h a v e  b e e n  d e t e r m i n e d  s i m u l t a n e o u s l y  i n  t h e  
o p e n - c i r c u i t  w i n d  t u n n e l  o f  t h e  B r i d g e  a n d  W i n d  E n g i n e e r i n g  L a b o r a t o r y ,  K y o t o  U n i -
v e r s i t y  u s i n g  r e c t a n g u l a r  s e c t i o n  m o d e l  w i t h  s l e n d e r  r a t i o  B  /  D = 5  ( s e e  F i g .  3 ) .  T w o  
t u r b u l e n t  c o m p o n e n t s  ( l o n g i t u d i n a l  u ( t )  a n d  v e r t i c a l  w ( t ) )  h a v e  b e e n  m e a s u r e d  t h a n k s  
t o  X - t y p e  h o t - w i r e  a n e m o m e t e r  ( M o d e l  0 2 5 2 ,  K a n o m a x  C o . ,  L t d . ,  J a p a n ) .  T w o  i n - .  
d u c e d  f o r c e s  ( l i f t  L (  t )  a n d  m o m e n t  M  (  t ) )  h a v e  b e e n  a l s o  o b t a i n e d  u s i n g  d y n a m i c  m u l t i -
c o m p o n e n t  l o a d - c e l l s  ( M o d e l  L M C - 3 5 0 1 - 3 0 N ,  N i s s h o  E l e c t r i c  W o r k s  C o . ,  L t d . ;  J a p a n ) .  
T h r e e  t u r b u l e n t  f l o w  c o n d i t i o n s  h a v e  b e e n  g e n e r a t e d  b y  g r i d  d e v i c e  a t  i n t e n s i t i e s  o f  t u r -
b u l e n c e :  L u  =  1 1 . 4 6 3 ,  I w  =  1 1 . 2 3 3  ( c a s e  1 ) ,  I n  =  1 0 . 5 4 3 ,  I w  =  9 . 7 8 3  ( c a s e  2 )  a n d  
I u  =  9 . 5 2 % ,  I w  =  6 . 6 5 %  ( c a s e  3 )  c o r r e s p o n d i n g  t o  m e a n  w i n d  v e l o c i t i e s  U = 3 . 6  a n d  9  
. . .  
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m/s, respectively. All electric signals of turbulences and turbulent-induced forces were fil-
tered by 100 Hz low-pass filters (E3201, NF Design Block Co., Ltd., Japan) before passed 
through A/D converter (Thinknet DF3422, Pavec Co., Ltd., USA) with sampling rate at 
1000 Hz over 10 s time interval. 
TumTabk 
Silencer Mesh 1-!oncycomb 
PlanVil!W 
Fig. 3. Configuration of open-circuit wind tunnel and experimental set-ups 
·
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Fig. 4. Time series of turbulence and forces (case 1) and their power spectral densities 
30 
Fig. 4 shows time series of u, w-turbulent components and turbulent-induced forces at 
the certain turbulent flow (case 1) and power spectral densities (PSD) of turbulence and 
induced forces at all three turbulent flows. 
5. RESULTS AND DISCUSSIONS 
The DWT of seven-level wavelet decompositions (consisting of eigpt coefficients D 1 , 
D2, D3, D4, D5, D5, D1 , A1) has been used with measured turbulences and cross cor-
relation between turbulence and induced forces. Figure 5 shows the energy of wavelet 
decompositions of u and w - cohlponents in the turbulent case 1 represented both in time 
domain (0710 s) and frequency band (07500 Hz). It notes that cut-off frequency here 
is 500 Hz as half of the sampling rate. Figure 6 indicates Fourier-based power spectral 
densities (PSD) and associated frequency bands corresponding to wavelet decompositions. 
As can be seen that wavelet decompositions concentrate on certain frequency bands and 
spectral resolution increases twice with an increase of decomposition levels (at high scale). 
For example, coefficient D 1 contains the long and high frequency band of 2507500 Hz 
(low resolution), while A1 focuses on short and low band of 073 .91 Hz (high resolution). 
As a result, the temporal-spectral information of wavelet decompositions is completely 
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k n o w n  f r o m  t h i s  m u l t i - r e s o l u t i o n  a n a l y s i s .  L o w - l e v e l  w a v e l e t  d e c o m p o s i t i o n s  s u c h  a s  D i ,  
D
2  
a s s o c i a t e d  w i t h  h i g h  f r e q u e n c y  b a n d s  { c o n t a i n i n g  1 2 5 7 ,5 0 0  H z  s p e c t r a l  c o m p o n e n t s )  
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F i g .  7  e x p r e s s e s  e n e r g y  c o n t r i b u t i o n ,  i n t e r m i t t e n c y  f a c t o r  a n d  i n t e r m i t t e n t  e n e r g y  o f  
w a v e l e t  d e c o m p o s i t i o n s  o f  u ,  w  c o m p o n e n t s  i n  t h e  t h r e e  c a s e s  o f  t u r b u l e n t  c o n d i t i o n s ,  
q u a n t i f i e d  i n  p e r c e n t a g e .  F i r s t  a t  a l l ,  r e s u l t s  o f  t h e  c a s e  1  f r o m  F i g .  7  a r e  q u o t e d  f o r  
c o n s i d e r a t i o n  w i t h  t h e  e n e r g y  o f  d e c o m p o s i t i o n s  p r e s e n t e d  i n  F i g .  5 .  A s  c a n  b e  s e e n  f r o m  
F i g .  7 ,  l o w  f r e q u e n c y  c o e f f i c i e n t s  c o n t r i b u t e  d o m i n a n t l y  o n  t o t a l  e n e r g y  o f  t u r b u l e n c e .  
C o n c r e t e l y ,  A 1  ( 0 7 3 . 9 1  H z  s p e c t r u m ) ,  D 6  ( 7 . 8 1 7 1 5 . 6 2  H z )  a n d  D s  ( 1 5 . 6 2 7 3 1 . 2 5  H z )  
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contribute 30.24%, 20.29%, 20.61 % (summed as 71.14%) on total energy of u-component, 
a11d 18.90%, 22.56%, 20.77% (summed as 62.23%) of w-component, respectively. These 
findings correspond to the energy amplitude of such coefficients D5, D5 , A7 shown in 
Fig. 5. Summed energy of high frequency coefficients D1 , D2, D3 of 62.5-:-500 Hz spectrum, 
furthermore, holds only 5.39% of total energy of u-component and 7.31 % of that of w-
component. Thus, such coefficients Di, D2 , D3 can be considered as high frequency 
system noise, and eliminated without a loss of accuracy from reconstruction of original 
time series . Next, the intermittency can be revealed from Fig. 7 that the intermittency 
factor gets small , whereas the intermittent energy has large. This explains that high 
energy events hold very short time, but they contribute almost energy. For example, in 
the coefficients of u-component in the case 1, the high energy events in A1 only take 14.24 % 
in total time but hold 50.783 in total energy (For short, it is written 12.243(50.783) in 
A1 ), 15.36%(56.85%) in D5 , 14.44%(59.33%) in D5 . Finally, in all cases of turbulence, the 
high energy events of u-component take between 12%-:-18% in time but hold 503 -:-653 
in energy, and t hose of w-component take 14%-:-18% in time, hold 45%-:-65% in energy. 
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Fig. 7. Energy contribution of decompositions (upper), intermittent factor (middle) and 
intermittent energy (lower) of u-component (left side) and w-component (right side) 
Cross energies of wavelet decompositions at all corresponding levels between 
w-turbulence and induced lift , moment (upper row) and between u-turbulence and lift , 
moment (lower row) in turbulent case 1 are expressed in Fig. 8. High cross correlation 
between turbulence and induced forces can be detected in both the frequency band and 
time domain. As can be seen from Fig. 5 and Fig. 8, it seems high energy events of 
turbulence-force correlation do not occur simultaneously with those of turbulence at the 
same frequency bands, thus it implies that no consistent relation between turbulence and 
induced forces in the time-frequency domains. For example, in the high-level wavelet de-
composition A7 (0-:-3.91 Hz) high energy events in w-turbulence occur at roughly 1 s, 4.3 
8 0  L e  T h a i  H o a ,  N g u y e n  D o n g  A n h  
c r o s s  e n e r g y  b e t w e e n  w - t u r b u l e n c e  a n d  l i f t  a r e  o b t a i n i n g  a t  a b o u t  2  s ,  4 . 3  s ,  4 . 8  s ,  5 . 3  s ,  
6 . 8  s ,  7 . 3  s ,  8 . 8  s ;  b e t w e e n  w - t u r b u l e n c e  a n d  m o m e n t  a t  2  s ,  3 . 2  s ,  4 . 3  s ,  4 . 7  s ,  5 . 2  s ,  7  s ,  
7 . 3  s ,  9 . 5  s .  T h e  s a m e  c o m m e n t s  c a n  b e .  r e v e a l e d  f r o m  o t h e r  w a v e l e t  d e c o m p o s i t i o n s  a s  
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F i g .  8 .  C r o s s  e n e r g y  o f  s e v e n - l e v e l  d e c o m p o s i t i o n s  b e t w e e n  u ,  w - t u r b u l e n t  c o m p o n e n t s  a n d  
i n d u c e d  l i f t ,  m o m e n t  
6 .  C O N C L U S I O N  
A r t i f i c i a l  t u r b u l e n c e  a n d  c o r r e l a t i o n  b e t w e e n  t u r b u l e n c e  a n d  i n d u c e d  a e r o d y n a m i c  
f o r c e s  h a v e  b e e n  d i s c u s s e d  h e r e  t h a n k s  t o  o r t h o g o n a l - b a s e d  w a v e l e t  d e c o m p o s i t i o n  u s i n g  
e x p e r i m e n t a l  d a t a  f r o m  t h e  w i n d  t u n n e l  t e s t .  S o m e  c o n c e p t s  s u c h  a s  i n t e r m i t t e n c y  f a c t o r  
a n d  i n t e r m i t t e n t  e n e r g y ,  c r o s s  e n e r g y  o f  m u l t i - l e v e l  w a v e l e t  d e c o m p o s i t i o n s  h a v e  b e e n  u s e d  
f o r  s t u d y i n g  t u r b u l e n c e  a n d  t u r b u l e n c e - f o r c e  c o r r e l a t i o n .  I t  c a n  b e  c o n c l u d e d  w i t h  s o m e  
f o l l o w i n g s :  
L o w - b a n d  s p e c t r a l  c o m p o n e n t s  c o n t r i b u t e  d o m i n a n t l y  o n  t o t a l  e n e r g y  o f  t u r b u l e n c e .  
E s p e c i a l l y ,  h i g h  e n e r g y  e v e n t s  r e l a t i n g  t o  i n s t a n t a n e o u s  p e a k s  o f  t h e  t u r b u l e n c e  e x i s t  
s h o r t l y  a n d  d i s c r e t e l y  b u t  c o n t a i n  a l m o s t  t h e  e n e r g y ,  i t  i m p l i e s  t h e  i n t e r m i t t e n c y  a s  n a t u r e  
o f  w i n d  t u r b u l e n c e .  S p e c t r a l  c o m p o n e n t s  o f  t u r b u l e n c e  a n d  i n d u c e d  f o r c e s  v a r y  w i t h  b o t h  
-Orthogonal-based wavelet analysis of wind turbulence and correlation .. . 81 
the time and the frequency, it means that turbulence and induced forces as well exhibit 
as non-stationary characteristics. 
High energy events of turbulence and induced forces do not simultaneously occur on 
t he time domain at the same frequency bands. Thus, no reliable linkage can be observed 
in the turbulence-force high correlation corresponding to t he high energy events occurring 
in turbulence. 
Since turbulence and induced forces exhibi t as non-stationary nature, and relation 
between turbulence and forces is still not consistent, t hus conventiona lly analytical tools 
based on Fourier spectral transformation can produce unpredictable risks for aerodynamic 
response evaluation in asp ects of experiment, computation and simulat ion . 
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L e  T h a i  H o a ,  N g u y e n  D o n g  A n h  
P H A N  T I C H  W A V E L E T  T R V C  G I A O  C U A  V~N T O C  G I 6  B I E N  T H I E N ,  M O I  
T U O N G  Q U A N  G I U  A v  A N  T O C  V A  L U C  P H A T  S I N H  
.  .  
M o  h l n h  hi~n n a y  v e  m o i  l i e n  h~ g i f r a  c a c  t h a n h  p h a n  v~n t o e  g i 6  b i e n  t h i e n  v a  I v e  k h i  d ( ; m g  
p h a t  s i n h  c h u a  d v n g  n ' i i  r o  t r o n g  d c i n h  g i a  c l a p  u n g  k h f  d ( m g  I v e  n g a u  n h i e n  c u a  c o n g  t r l n h .  C a c  
. n g h i e n  C U U  t i e p  t \ I C  v e  m o i  t u a n g  q u a n  n a y  n h a m  m \ J C  d f c h  m i n g  c a o  b i e u  b i e t  t r o n g  p h u a n g  p h a p  
p h a n  t f c h  c l a p  u n g  k h f  d ( m g  I v e  v a  c a c  m o  p h o n g  t r o n g  t h i  nghi~m h a m  g i 6 .  P h e p  b i e n  d 6 i  w a v e l e t  
l i e n  t i . i c  v a  r & i  r~c hi~n d a n g  d u q c  a p  d i . i n g  d e  t r l n h  b a y  v a  p h a n  t f c h  t i n  hi~u t h a i  g i a n  d o n g  
t h a i  t r o n g  m i e n  t h & i  g i a n  v a  t a n  s o ,  d o n g  t h & i  t l m  r a  c a c  d : \ i c  t r n n g  n g a n  h~n i f n  c h i ' . r a  t r o n g  t i n  
hi~u t h a i  g i a n .  B a o  c a o  n a y  s e  t r l n h  b a y  vi~c a p  d 1 _ r n g  p h a n  t f c h  w a v e l e t  r & i  r~c s i i  d i . i n g  c a c  h a m  
w a v e l e t  t r l f C  g i a o  n h a m  n g h i e n  C l r U  S l f  g i a n  do~n t h a i  g i a n  C U a  t f n  hi~U V~n t o e  g i 6  b i e n  t h i e n  v a  
d o  t l m  m o i  t u a n g  q u a n  g i f r a  v < % n  t o e  v a  l \ J ' C  p h c i t  s i n h  t r o n g  k h o n g  g i a n  t b ( y i  g i a n  v a  t a n  S O ,  t r e n  
c a  s &  d u a  r a  k h c i i  ni~m n a n g  l m ;m g  c h e o  g i f r a  c a c  h~ s o  t a c h  w a v e l e t .  C a c  s o  li~u v < % n  t o e  g i 6  b i e n  
t h i e n  V a  l l f C  k h f  d ( m g  d u n g  t r o n g  n g h i e n  C l r U  n a y  d u q c  x a c  d j n h  t t r  d o  d~C t r l f C  t i e p  t r e n  m o  h l n h  
t r o n g  p h o n g  t h f  n g h i e m  h a m  g i 6 .  
